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Particulate matter (PM), which is the primary contributor to air pollution, has become a pervasive global health
threat.WhenPMenters into a respiratory tract, thefirst body tissues to bedirectly exposedare the cells of respira-
torytissuesandpulmonarysurfactant. Pulmonarysurfactant isapivotalcomponent tomodulatesurface tensionof
alveoli during respiration.Many studies have proved that PMwould interact with pulmonary surfactant to affect
the alveolar activity, and meanwhile, pulmonary surfactant would be adsorbed to the surface of PM to change
the toxic effect of PM. This review focuses on recent studies of the interactionsbetweenmicro/nanoparticles (syn-
thesizedandenvironmentalparticles) andpulmonary surfactant (natural surfactantand itsmodels), aswell as the
health effects caused by PMthrough a few significant aspects, such as surface properties of PM, including size, sur-
facecharge,hydrophobicity, shape, chemicalnature, etc.Moreover, in vitroand in vivo studieshaveshownthatPM
leads to oxidative stress, inflammatory response, fibrosis, and cancerization in living bodies. By providing a com-
prehensive picture of PM-surfactant interaction, this reviewwill benefit both researchers for further studies and
policy-makers for setting upmore appropriate regulations to reduce the adverse effects of PM on public health.
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1. Introduction

Nowadays air pollution has become one of the top health killers all
around the world [1,2]. The main pollutants contain ozone (O3), nitro-
gen dioxide (NO2), sulfur dioxide (SO2), and particulate matter (PM)
[3]. PM is reported to induce adverse effects on human health after ei-
ther short-term or long-term exposure. Short-term exposure generally
causes acute inflammatory responses in airways and peripheral blood
[4], while long-term exposure is positively related to the mortality of
cardiovascular disease and lung cancer [5–7]. The deposition of PM on
the respiratory tract is mainly dependent on particle size [8]. It is
found that smaller particles result in greater total lung and peripheral
lung deposition as well as farther distal airway penetration [9]. Gener-
ally, particles with diameter larger than 10 μm can enter the nose and
mouth. PM10 (subscript represents aerodynamic diameter no more
than 10 μm) [10] can penetrate the trachea and bronchial regions,
followed with the deposition at lung bifurcations [11]. Among them,
particles larger than 8 μm tend to impact in the upper airways [12].
PM2.5 and PM0.1 can enter the non-ciliated alveolar regions, giving rise
to deep deposition within the lung [11]. Since the particles smaller
than 0.5 μm can be easily exhaled after penetrating the lung, PM2.5 is
considered to be amore serious threat to humanhealth. Particleswithin
this range can be stably deposited on respiratory tracts, easily access to
cells, and transfer through blood and lymph circulations. The toxic PM
can cause severe symptoms at some sensitive sites, e.g., bone marrow
and heart [13]. Therefore, PM2.5 is most widely employed to study the
pathological, physiological and toxicological effects of PM on human
health. PM is not only a fast-growing factor associated with early
death but also impacts atmospheric conditions [14–16], and the accu-
mulation of PM through years leads to climate change [17,18]. PM
pollution is especially severe in developing countries due to economic
growth and large populations. The average concentration of PM2.5 in
China in 2013 is 61 μg/m3, while those in Europe and USA are 16
μg/m3 and 10 μg/m3 [19], respectively, nearly all exceeding the World
health organization (WHO) guidelines (10 μg/m3) [3].

It has been proved that upon inhalation of PM into alveoli, the parti-
cles initially interact with pulmonary surfactant, which maintains alve-
olar stability and modulates immune functions, impairing the phase
behavior and metabolism of alveoli (Fig. 1). Meanwhile, adsorbate
such as polycyclic aromatic hydrocarbons (PAHs), As and Pbmay pene-
trate the surfactant to internal circulation and cause chronic and acute
toxicities to human beings. Therefore, pulmonary surfactant is where
the immediate health hazard occurs after PM enters respiratory tracts.
There are many reviews summarizing the formation of PM and the pos-
sible hazards that PM brings about to human health [20–22], providing
systematic introductions of how PM pollution affects the public and na-
ture. Several reviews shed light on the interaction between nanoparti-
cles and pulmonary surfactant [23,24] as well as the corresponding
cellular and immune responses. However, most of the reviews were
published nearly 10 years ago with many interaction mechanisms
remained unclear. In recent years, several reviews have been published
on the topic of particle-lung surfactant interactions [25–27]. The authors
discussed the interactions of lung surfactant with inhaled nanoparticles
or with particles that used in nanomedicine (especially drug delivery).
Garcia-Mouton et al. emphasized the features of nanoparticles and the
mutual effects of nanoparticles and surfactant [25]. Hidalgo et al. fo-
cused on the fate of the nanoparticles utilized as nanocarriers during
their interaction with pulmonary surfactant, suggesting the application
of surfactant in nanomedicine [26,27]. These reviews offer not only
summaries of particle-surfactant interactions, but also the implications
for future nanomedicine.

In this review, summaries of composition and formation of both PM
and pulmonary surfactant arefirst introduced. Then the interactions be-
tween various particles and pulmonary surfactants are discussed,
followed by toxicological impacts of particles on lung surfactant, lung
and other living cells and organisms. This review aims to highlight the
recent progress on the in vitro research of the biophysical, physicochem-
ical andmorphological changes of pulmonary surfactant upon the expo-
sure to PM, with a focus on the underlying intermolecular and
interfacial interaction mechanism, correlating the fundamental investi-
gations to surfactant functions and physiological performances of the
lung and other tissues and organs. The particles investigated in the liter-
ature are mostly synthetic compounds and mixtures, while environ-
mentally derived PM are also studied.

2. Composition and formation of PM

PM, a mixture of solids, liquids and gaseous matters in the air, com-
monly contains inorganic components such as sulfates, nitrates, ammo-
niums [28], crustal materials, sea salts [29], silicon, elemental carbon
[30], and organic components such as organic carbon, quinones [31],
polycyclic aromatic hydrocarbons (PAHs). Though organic compounds
like quinones and PAHs are present with low amounts, their disease
(e.g., cancer [32,33] and diabetes [34])-inducing effects cannot be
neglected. The PM composition is complex and varies with time and lo-
cations. Usually, the chemical composition can be analyzed by induc-
tively coupled plasma mass spectrometry [29], X-ray fluorescence
spectrometry and ion chromatography [15]. Study of the composition
enables us to figure out the sources and how PM affects public health
and meteorological conditions.

There are two major sources of PM: anthropogenic activities and
natural sources. Generally, naturally derived PM is from volcanoes,
dust storms, living vegetation, etc., while anthropogenic PM is from
fuel combustion, industrial and agricultural activities, traffic, etc. These
sources lead to the spatial variation of PM composition and mass per-
cent of each component. Mineral materials are the major contributor
to PM composition as primary aerosol species, which is formed directly
from source as particles (Fig. 2). The spatial variation of mineral mate-
rials in PM results from different crustal compositions. The PM dust col-
lected in Northern China showed high levels of SiO2 and CaO, alongwith
low levels of K2O and Na2O, while some samples also contained heavy
metals such as As and Pb. Themain elements present in the dust includ-
ing Si, Al, Fe and Ca are consistent with local crustal composition [35].
The mean concentration of mineral species in PM is usually higher in
urban areas than that in other regions due to the influence of agricul-
tural activities and unpaved roads. However, the rural areas in north-
west China is an exception, where the low vegetation and forest cover
results in a high level of mineral species in PM composition [28]. An-
other primary aerosol species-organic carbon was found of high levels
in rural northwest China, urban South Asia, and High Asian Area (higher
than 1680m a.s.l), where biomass burning is a determining factor. In
contrast, the organic carbon levels in the USA and Europe are much
lower [15]. The third largest primary aerosol species-elemental carbon
is emitted with the highest levels in Asia and Africa [36] due to the in-
complete combustion of carbonaceous materials [37]. NH4

+, SO4
2-,

NO3
- are three major secondary aerosol species that are formed during

photochemical reactions in atmosphere. The urban to rural ratios of
mass concentration of NH4

+, SO4
2- and NO3

- during 2006 and 2007



Fig. 1. Inhalation of PM into alveoli. The PM interacts with pulmonary surfactant in various ways depending on surface properties (surface charge, hydrophobicity, size, shape, etc.) of the
particles. 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) is used as the representative of lung surfactant. PMmay embed into lung surfactant individually or in aggregates, with
or without lipid wrapping. The defense mechanism of the surfactant can launch clearance to expel the impinging PM. PM can also penetrate lung surfactant to invade capillaries. The
interaction of PM with bilayer vesicles would impede the metabolism of lung surfactant. Meanwhile, lipids may also transfer to the surface of PM to affect the behavior of PM in
alveoli. This transfer also sequesters part of lung surfactant.
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in Chinawere 2.1, 2.2, and 1.9, respectively [15]. A similar trendwas also
observed in theMidwestern USA [28]. The relatively high concentration
of SO4

2- in urban areas is due to industrial and residential heating [38].
NO3

- and NH4
+ also mainly result from fossil fuel combustion [39],
Fig. 2. Summary of the composition and sources of
while the use of fertilizers and biomass burning contribute to NH4
+

emission as well [40]. SO4
2- was found with the highest emission in

China, owing to economic growth and dense population which are in
huge need of coal consumptions [15,41–43]. Unlike in China, the
PM. OC: organic carbon; EC: elemental carbon.



Table 1
Summary of surfactant proteins.

Proteins Structural features Examples of Functions

SP-A (i) a Octadecameric glycoprotein,
650 kDa [56], acidic

Facilitates clearance of pathogens and
immune effectors [57], inhibits
secreted phospholipases A2 activity
and maintains surfactant integrity
during lung injury [58]

SP-B (o) a 79-amino-acid homodimer
with disulfide-linked, 18 kDa
[59]

Enhances adsorption of phospholipids
from subphase to interface [60].
Increases collapse pressure of fatty
acids to avoid “squeeze-out”

SP-C (o) a Nonpolar α-helical protein
containing 35 amino acids,
4.2 kDa [61]

Stabilizes phospholipids [62,63],
increases viscosity of interfacial film
[64]

SP-D (i) a Glycoprotein, dodecamer of
four trimmers, 43 kDa [65]

Regulates surfactant metabolism [66],
promotes epithelial cells to uptake
pathogenic bacteria [67]

a “i” represents hydrophilic and “o“represents hydrophobic
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elevated PM2.5 concentration in themonitored sites in Iowawas mostly
attributed to vehicular emission [28].

In addition to crustal composition and anthropogenic activities, ter-
rain and meteorological conditions also play important roles in the dis-
crepancy of PM composition among locations. Air stagnation is a
meteorological phenomenon with features such as anti-cyclonic condi-
tion, high temperature, no precipitation and weakwind [44]. These fea-
tures would result in the accumulation of PM pollution. High
temperature accelerates the volatilization of ammonium nitrate. No
precipitation means a lack of the scavenging sink to reduce PM2.5. Air
stagnation is strongly associated with terrain conditions. For example,
the low elevation in eastern China, west coast in the USA and the Med-
iterranean basin gives rise to more frequent air stagnation, and thus PM
pollutions in these areas are more severe than other surrounding re-
gions. High altitude can also lead to air stagnation for peripheral areas
where surface wind is blocked [19]. In addition to spatial variation, PM
pollution exhibits a seasonal variation that can be ascribed to both an-
thropogenic activities andmeteorological conditions [44,45]. In winters
and springs, the air quality in China is alwaysmuchworse, which is due
to the heating that increases the secondary aerosol emission, and more
stagnated air condition with a lower planetary boundary layer [17].

Alongwith the advent of nanotechnology, a myriad of nanoparticles
have been produced in industry. These intentionally engineered nano-
particles become another source of PM pollution. Specifically, the appli-
cation of inhaled targeted drug delivery in vaccines, therapeutics and
diagnostics has provoked new concerns towards the potential adverse
effects on human health [46,47].
3. Composition and function of pulmonary surfactant

Pulmonary surfactant is amixture of surfactant proteins (SP-A, SP-B,
SP-C, and SP-D) and lipids at alveolar air/liquid interface [48,49]. Pulmo-
nary surfactant is a crucial part in physiological respiration [50]. It gen-
erally has three key functions: 1. preventing alveoli from collapse during
respiratory activity, as it lowers the energy required for the alveoli to in-
flate by varying surface tension at the air/liquid interface; 2. defending
against pathogen by killing them or preventing the dissemination; 3.
modulating immune responses [51]. The first one is achieved through
the film lipids enriched in dipalmitoyl phosphatidylcholine (DPPC).
The viral defense and modulation of immune responses are mainly as-
cribed to the surfactant proteins (SP-A and SP-D).

Pulmonary surfactant contains four major surfactant proteins with
critical functions, though their weight percentage (10%) is much lower
compared with that of surfactant lipids (90%). Hydrophilic surfactant
proteins SP-A and SP-D are Ca2+-dependent lectins. Both SP-A and SP-
D are involved in host-defense mechanisms and protection against
viral infections [52,53] due to the structural similarities, e.g., C-
terminal lectin domains which bind non-host oligosaccharides on
viruses and bacteria [51]. Other structural characteristics contain NH2-
terminal domain, collagen-like region, and –COOH-containing carbohy-
drate recognition domain [54,55]. In contrast, hydrophobic surfactant
proteins SP-B and SP-C are involved in the stabilization and formation
of surfactant film. The detailed structural features and functions of the
surfactant proteins are presented in Table 1.

Lipids comprise 90% of the mass of pulmonary surfactant. Phospho-
lipids contribute 80%~90% to the mass of lipids while cholesterol, tri-
glycerides, and fatty acids occupy the remainder. Phosphatidylcholine
(PC) is the most abundant phospholipid (80~85% of phospholipids) in
pulmonary surfactant, with disaturated compound dipalmitoyl phos-
phatidylcholine (DPPC) as the major component of PC. Other phospho-
lipids include phosphatidylglycerol (PG), phosphatidylinositol (PI),
phosphatidylethanolamine (PE), and phosphatidylserine (PS). PG is
the second abundant phospholipids (7–15% of phospholipids) while
PI, PE, and PS occupy less than 5% for each [51,68]. The structures and
functions of some representative lipids are illustrated in Table 2.
Surfactant proteins play important roles in film stabilization and
viral defense, while surfactant lipids are ultimately responsible for sur-
face tension change during respiration [69]. DPPC, themajor component
that occupies 30–45% of pulmonary surfactant [86], is a zwitterionic
molecule that contains two hydrocarbon tails and a polar head. The
gel-to-liquid crystal melting transition of DPPC occurs at 41°C, which
makes DPPC a condensed phase at physiological temperature [69]. The
condensed phase of DPPC endows it an ability to reduce surface tension
to near zero at the end of exhalation. This property results from the
highly packed alignment of DPPC molecules at air/liquid interface
[48,87]. When alveolus is inflated or deflated, the surface pressure dif-
ference required (ΔP) is proportional to surface tension (γ) divided by
the radius of the alveolus (R), which can be described by Laplace
equation (1).

ΔP ¼ 2γ=R ð1Þ

If the surface tension of alveolus remains high during exhalation, the
pressure difference would increase with decreasing radius, making the
pressure in the smaller alveolus higher than that in the larger alveolus.
Because of the interconnected structure of alveoli, the smaller ones
would collapse to larger ones [88,89]. The presence of DPPC in lung sur-
factant can effectively solve this problem by reducing the surface
tension.

The pulmonary surfactant can stabilize the alveoli during respiration
via two processes. First, after the secretion of bilayer vesicles in alveolar
subphase, lipids, proteins, and other components are adsorbed quickly
onto the air/water interface to form an interfacial film. During the ad-
sorption process, SP-B and SP-C lower the energy barrier for this
energetically-unfavorable transfer and stabilize the intermediates in-
volved, ensuring this process is fast enough on the scale of seconds
[90]. Second, when the surfactant film is compressed by the shrink of al-
veolus and the surface pressure is elevated, the film would stay at the
interface to reduce the surface tension to minimize the volume change
of alveoli. Until the maximum surface pressure (Πe) is reached, the
film transits from a two-dimensional structure to a three-dimensional
structure and the collapse of film occurs [69]. The alveolar collapse
would be avoided in lung due to the surfactant. When the film contain-
ing disaturated phospholipids (e.g., DPPC) and unsaturated lipids
(e.g., POPC and POPG) is transferred to the air/liquid interface and com-
pressed, liquid condensed (LC) domains with ordered packing and
quasi-crystalline organization are formed and floating in a much more
disordered phase called liquid expanded (LE) phase. If cholesterol is
present in the film, it would modulate the organization and dynamics
of the phases, converting the LC/LE coexistence to liquid ordered/liquid
disordered coexistence [90]. A classical model indicated that the



Table 2
Summary of Surfactant Lipids

Components Structures Properties and Functions

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)
(PC16:0/16:0)

 

Remains as a condensed phase at
physiological temperature [69].
Generates a near-zero surface tension
[70].

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) (PC16:0/18:1)

Melting point -3˚C [71]. Makes the
membrane fluid at physiological
temperature [72].

1-Palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphocholine
(PPPC)(PC16:0/16:1)

Related to surface dynamics of
surfactant [73] and respiratory rate
[74].

1-palmitoyl-2-myristoyl-sn-glycero-3-phosphocholine
(PC16:0/14:0)

 

Modulates macrophage that related to
alveolar protection [75]. Related to
respiratory rate [74]

1,2-dipalmitoyl- sn-glycero-3-phosphoglycerol (DPPG)

 

Reduces permeability of benzo[a]
pyrene [76]

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG)

The most prevalent PG in human
surfactant. Inhibits macrophage
proinflammatory and TLR2-dependent
inflammatory responses [77], has an
antivirus function [78], makes the film
more fluidized [79].

Phosphatidylserine (PS)a e.g. Determines the cellular and
subcellular distribution of quinidine
[80]. Regulates the activities of several
enzymes in cell signaling [81]

Phosphatidylethanolamine (PE)a e.g. Causes lateral pressure and introduces
curvature stress to stabilize membrane
proteins [82,83]

Phosphatidylinositol (PI)a e.g. Increases the rate of alveolar fluid
clearance [84]. Involved in the
stabilization of surfactant monolayer
[81]

(continued on next page)
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Table 2 (continued)

Components Structures Properties and Functions

Cholesterol

 

Increases the fluidity of surfactant [85]

a Only one representative structure of each minor phospholipids PS, PE, and PI is illustrated.
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interfacial film only contains a rigid condensed phase during compres-
sion, which implies the retainment of DPPC in the film and “squeezed
out” of all other components, especially fluid lipids, to the subphase to
promote low surface tension [91]. The “squeezed out” part remains un-
derneath as a reservoir for the expansion. The reservoirs underneath are
multilayered and multilamellar structures interconnected with the in-
terfacial monolayer film by surfactant proteins, which facilitates the
fast diffusion of surface active species to the interface upon expansion
[92]. However, many pieces of evidence proved that the film under
compression is not that condensed, suggesting a coexistence of LC, LE
and collapsed phases [93,94]. An observation further revealed that the
concentration of DPPC at the interfacial film was reduced during com-
pression, which implies that in addition to fluidizing lipids, some
DPPCmay also be squeezed out [95]. The synergistic effect of surfactant
proteins and lipids keeps the alveolar lining in a metastable status,
preventing lung collapse during respiration.
4. Interactions of particulate matter and pulmonary surfactant

A variety of nanoparticles, such as simple metal oxides [96–100],
non-metal oxides [101,102], polymer-coated and polymer nanoparti-
cles [103–105], metal nanoparticles [106–108], carbon nanomaterials
[100,109], and other compounds containing carcinogenic matters
[110–113], have been investigated in the studies of particle-surfactant
interactions. A few studies on environmental PM dust exposure have
also been conducted [110,114,115], but they are still in the very early
stage compared to those using engineered nanoparticles. One challenge
is the variety of composition, size, and other biological and physical
properties of PM2.5 due to geographic locations and seasons. This
variety also contributes to the high heterogeneity and complicity of
the particles, which creates difficulties in identifying and characterizing
the effect of each component. Many engineered nanoparticles such as
silica and aluminum oxide are also present in PM dust, therefore in
many studies, engineered nanoparticles are used as substitutes of envi-
ronmental PM to provide implications for air pollution.

DPPC is a commonly used surfactant model because of its dominat-
ing proportion in natural pulmonary surfactant and the convenience
of preparation and characterization. Some natural lung surfactants de-
rived from mammals are also used in the light of physiological rele-
vance. These natural surfactants are comprised of not only DPPC but
also surfactant proteins and other lipids that may exist in human
lungs. In most studies, surfactant molecules are dispersed as mono-
layers or bilayers to explore the interaction with particles. Langmuir
monolayer has been widely utilized because it is an essential surfactant
model of biological relevance [116,117]. The studies of bilayer andmul-
tilayer structures which are more physiological relevant have also been
conducted using newer characterization methods.

PMadheres to pulmonary surfactant by various types of interactions,
such as electrostatic forces, hydrophobic interactions, van der Waals
forces, etc. Among them, electrostatic forces and hydrophobic
interaction primarily depend on the surface charge and surface hydro-
phobicity of PM, respectively, while van der Waals force is ubiquitously
distance-dependent which arises from the inherent movement of elec-
trons. The interaction potential (energy), w(r), and force, F(r) of van der
Waals interaction between two atoms or small molecules can be
obtained as follows:

w rð Þ ¼ −CvdW=r6 ð2Þ

F rð Þ ¼ −6CvdW=r7 ð3Þ

Here, r is the interatomic distance, CvdW is the interaction constant
which is given by

CvdW ¼ −
μ2
1μ

2
2

3 4πε0εð Þ2kBT
þ μ2

1α2 þ μ2
2α1

4πε0εð Þ2
" #

v¼0

þ 3α2α1

2 4πε0εð Þ2
hv1v2
v1 þ v2

" #
v > 0

ð4Þ

where μ1 and μ2 are the dipole moments, α1 and α2 are the electronic
polarizabilities, ε0 is the vacuum permittivity, ε is the relative dielectric
constant of the surrounding medium, kB is the Boltzmann constant, T is
the temperature, v1 and v2 are ionization frequencies, h is the Plank con-
stant [118]. Equations (2) and (3) express the van der Waals interac-
tions at the atomic level, which can be applied to the interactions
between the component molecules of PM and lung surfactant mole-
cules. Equations (5)–(8) supplement the theories of van der Waals in-
teractions at larger scales, e.g., surface level, for cases surfactant films
interacting with component molecules of PM (Eq. 5, 6) or with the
whole PM particles (Eq. 7, 8)

w dð Þ ¼ −
πCρ

6d3
ð5Þ

F dð Þ ¼ −
3πCρ

6d4
ð6Þ

w dð Þ ¼ −
AR
6d

ð7Þ

F dð Þ ¼ −
AR

6d2
ð8Þ

where d is the distance between the interacting objects, C is the interac-
tion constant that is decided by themolecule’s property, ρ is the number
density of molecules of the surface material, A is the Hamaker constant
[119], R is the radius of the sphere. Equations (5) and (6) illustrate the
van der Waals interaction energy w(d) and the force F(d) between
atoms and surfaces, while equations (7) and (8) describe that of
sphere-flat surface systems. Equations (2)–(8) are applied to the cir-
cumstances where the interaction range and separation are much



Fig. 3. (A) Schematic of Langmuir-Blodget trough with Wilhelmy balance. 1: air/liquid
interface covered by molecular film, 2: movable barriers that can proceed to expand and
extrude the film, 3: pressure sensor with Wilhelmy plate. A surface pressure- molecular
area (Π – A) isotherm can be obtained with the read-out of Wilhemy plate and barriers
(B) Schematic of Langmuir–Blodgett technique (vertical deposition). (C) Schematic of
Langmuir–Schaefer technique (horizontal deposition)

7F. Wang et al. / Advances in Colloid and Interface Science 284 (2020) 102244
smaller than the radii of the interacting objects. It is obvious that vander
Waals force is greatly dependent on the distance between the surfactant
and PM. Equations (2)–(8) can be used to estimate the interactions for
neutral PM-surfactant systems, or to evaluate the van der Waals force
for charged PM-surfactant systems where van der Waals force contrib-
utes to the net interfacial interaction.

PM impacts pulmonary surfactant in many aspects, including phase
behavior, stability, compositions, morphology, etc. Particles may be
retained in surfactant forming aggregate domains, or surfactant may
be adsorbed to the surface of particles, thus the concentration, elasticity,
lateral diffusional property, compressibility, and adsorption behavior of
the surfactant are changed, which directly affects the biophysiological
properties of surfactant. Particles may also penetrate through surfactant
linings to induce inflammation, oxidative stress, or other cytotoxicity
and genotoxicity to surfactant and epithelial cells, which is considered
an indirect effect on alveolar lining. The transport of particles in mono-
layers is determined by the Brownianmotion and the drag force exerted
on the particles from the film. The mean-squared displacement of
Brownian motion is

⟨x2⟩ ¼ 6Dt or 4Dt ð9Þ

where 4Dt is for the particles that are attached to the film to undergo
two-dimensional lateral movement. D is the diffusion coefficient and t
is the lag time [120]. The viscosity of the surfactant film influences the
diffusion according to Stokes-Einstein equation

D ¼ kBT=6πηR ð10Þ

where kB is the Boltzmann's constant, T is the temperature, η is the vis-
cosity of the film, R is the radius of particle. Because of the high viscosity
of the surfactant, additional drag force causes a decrease in diffusion co-
efficient. Drag coefficient ζ is expressed in equation (11)

ζ ¼ kBT=D ð11Þ

where kB is the Boltzmann's constant, T is the temperature, D is the dif-
fusion coefficient. For larger particles (i.e., particles with diameter larger
than 200 nm), the drag exerted due to the high viscosity of the surfac-
tant is added to the Einstein-Stokes model, leading to Danov−Aust
−Durst−Lange (DADL) model [121,122] where the diffusion coeffi-
cients are given by

D ¼ kBT

6πηRþ σR0:1 ð12Þ

σ ¼ 8πη 0:22
2η
ηm

� �−0:9
 !

ð13Þ

where ηm is the two-dimensional viscosity. Equations (9)–(13) prove
that the translocation of PMwithin the surfactant is affected by the vis-
cosity of the surfactant and temperature.

4.1. Instrument, methodologies and characterization

4.1.1. Langmuir-blodgett trough and surface pressure – area isotherm
The instrument that is prevalently utilized in the research of interac-

tions between pulmonary surfactant monolayers and nanoparticles is
Langmuir-Blodgett trough (LB trough) (Fig. 3A). The trough can be
used to prepare thin molecular films at air/liquid interface. The back
and forth of two opposite barriers change the surface area of the film
through compression and expansion, which simulates the status of pul-
monary surfactant during respiration [123]. During the expansion and
compression, surface tension of the film is continuously measured
with a Wilhelmy plate (balance), and a plot of molecular area versus
surface pressure is then generated. This surface pressure - area
(Π - A) isotherm clearly depicts the phase behavior of the interfacial
film. Technically, LB trough is applicable to amphiphilic molecules that
can form stable Langmuir films on air/liquid interface. Besides a tool
for interfacial property study, LB trough can also be used to fabricate
highly organized multilayer structures. Langmuir films can be trans-
ferred to a substrate by either Langmuir-Blodgett (LB) technique that
utilizes vertical lifting (Fig. 3B), or Langmuir-Schaefer (LS) technique
with horizontal lifting (Fig. 3C). Multiple layers can be obtained with
LB technique by repeating dipping and lifting cycles [124]. LB technique
always leads to low surface coverage for non-amphiphilicmolecules be-
cause of aggregation. LS technique gives rise to a uniform film of high
quality on substrate [125], though a multilayer film cannot be obtained.

There are several different methods to expose lung surfactants to
PM. One is to mix the surfactant solution with particles and then inject
the mixture onto the interface by microsyringe [101,103,108,112,126].
This conventional method enables an easier control over the feed
ratio, and a sufficient exposure of surfactant to particles can also be
achieved. Nevertheless, the observation of the adsorption behavior of
particles to surfactant is ruled out since the mixing results in some ad-
sorption before measurement. The manual mixing disqualifies this ex-
posure method to simulate the natural inhalation process. Another
method is dispersing particles in a subphase and a lipid solution is
spread on the interface either after [96,98,109,127–129] or before parti-
cle dispersion [99], as in the latter situation the particle solution is
injected through the lipid film to the subphase. Thismethod is adequate
to study adsorption behavior but requires a large number of particles,
and the diffusion of colloidal particles in subphase would greatly affect
the adsorption process. Besides the above mentioned strategies, it is
also possible to deposit surfactant to air/water interface, and then colloi-
dal particles are spread on the interface from air side [110,130]. This
process is more similar to the natural exposure process of lung lining
to PM than the previous ones. A dry powder insufflator has been used
to generate and apply particle aerosols to surfactant, which mimics
how lung surfactant is actually exposed to PM. In the study conducted



Fig. 4. (A) Surface pressure versus surface molecular area (Π – A) isotherm of deuterated DPPC-d62, LC: liquid condensed, LE: liquid expanded, LE-LC: coexistence of LE and LC phases, G:
gas phase, G-LE: coexistence of gas and LE phases. Temperature: 24°C. Subphase: pure water. [132]. Adapted with permission fromMa et al. [132]. Copyright (2006) American Chemical
Society. (B) Π - A Isotherm of pure lung surfactant over five compression and expansion cycles. This isotherm is presented in terms of the trough area. The solid arrows indicate the
progression from the first cycle to the fifth. The dashed arrows show the directions of compression and expansion. Only “squeeze-out” plateaus around 42 mN/m representing
transition from monolayer to multilayer are observed during compression. The change in slope can tell the phase transition. The expansion curves exhibit elastic stretching around 37
mN/m. [130]. Adapted with permission from Kodama et al. [130]. Copyright © 2014 Biophysical Society. Published by Elsevier Inc.
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by Farnoud et al. [131], aerosols were applied to surfactant during the
whole compression process instead of solely at 0 mN/m. This operation
implies the importance of particle deposition on compressed films in
the study of particle-surfactant interaction.

The phase behavior of the surfactant films on air/liquid interface can
be evaluated based on isotherms of molecular surface area versus sur-
face pressure. An isotherm example of pure deuterated DPPC-d62

shows obvious LE-LC transition and coexistence (Fig. 4A). The transition
plateau of gas to LE indicates that DPPC starts to be compressed to a
two-dimensional liquid. With further compression from LE to LC,
DPPC transits froma liquid to a two-dimensional packed semicrystalline
phase. In the LC phase, the tails of DPPC molecules are aligned and
pointing out to the air, while watermolecules are squeezed out, leading
to a dehydrated, poor re-spreadingDPPCfilmwith poor adsorption abil-
ity [132]. Finally, DPPC collapses at maximum surface pressure (πe). In
contrast, the LE-LC coexistence plateau is not shown for natural surfac-
tant due to the multicomponent. For example, in Fig. 4B, the transition
of LE to LC-LE coexistence exhibits as a change in the slope around
15 mN/m.

LB trough can also be used to monitor the surface pressure change
of lung surfactant during dynamic compression-expansion cycles,
giving rise to a better understanding of its surface activity under breath-
ing conditions. Fig. 4B shows typical surface pressure change of
Survanta during compression-expansion cycles which can mimic the
expiration-inspiration process. Following the collapse during compres-
sion, the film was immediately returned to the fully expanded area,
with an elastic stretch occurring at the drastic decrease of surface pres-
sure. This stretch was due to the recovery of the film from folds and col-
lapse. During compression, the flat around 42 mN/m is a “squeeze out”
plateau, where the unsaturated lipids that cannot stand high pressure
are squeezed out to the subphase as a reservoir. Saturated lipids and
fatty acids are left to form a condensed phase. Upon expansion, part of
the reservoir is re-adsorbed to the interfacial film while the rest mate-
rials are permanently lost. This phenomenon is exhibited as a hysteresis
loop between the compression and expansion curves (Fig. 4B)
[133,134]. The hysteresis area can be used to indicate the stability and
respreadability of the surfactant film, where a larger loop represents a
higher degree of inhibition caused on the surfactant. Due to the
expelling of partial surfactant at the end of the first collapse, the second
compression curve significantly shift to a smaller surface area compared
with the initial one. Similar shifts also occur for the following consecu-
tive cycles.

The surface pressure of the monolayers is affected by temperature,
molecular area, the numbers of ions, etc. Because of different contribu-
tions of LE and LC phases to surface pressure, there are two separate
Eq. (14) and (15) which are in a good agreement with experimental
Π-A curves [135]:

Π ¼ mkT
A0−ω

−Πcoh ð14Þ

Π ¼ mkTαβ
A0−ω 1þ θ αβ−1ð Þ�½ −Πcoh ð15Þ

Eq. (14) is for LE state and Eq. (15) is for the coexistence state of LE
and LC. In these two equations, m is the number of kinetically indepen-
dent units per monolayer molecule, k is the Boltzmann’s constant, T is
the temperature, A0 is the actual area required for each lipid molecule,
ω is the particle molecular area, Πcoh is the cohesion pressure that
accounts for the intermolecular interaction, θ is a coefficient related to
the area per mole of monomer in a cluster, α and β are expressed as
follows:

α ¼ A0

Ac
exp −θ

Π−Πc

kT
ω

� �
ð16Þ

β ¼ 1þω 1−θð Þ α−1ð Þ
A0

ð17Þ

where Ac is themolecular area that corresponds to the area at the onset
of transition,Πc is the surface pressure of the transition commencement
[135,136]. It is noted that the predictions in Eq. (14) and (15) are
unrestrictedly convincing only within low-pressure range.

Besides phase transition behavior, compressibility, elasticity, viscos-
ity, etc. can also be derived from Π-A isotherms. The compressibility Cs
is expressed as equation (18)



Fig. 5.AFM images ofmica-supported pure DPPCmonolayer (A) and 99.8mol% DPPC+0.2mol% hexadecanethiolate-cappedAuNPs (C16SAu NPs) (B) at 3mN/m. Thesemonolayerswere
obtained by Langmuir-Schaefer (LS) deposition technique. Light color represents larger height levels while dark color represents low height levels. The height profiles under the images
exhibit different phases displayed in the monolayers. The arrows in the height profiles correspond to those in the insets. In pure DPPCmonolayer, large circular LC domain with LE-lipid-
filled hole defects (top left in A), small micro LC domains (inset in A) and continuous LE phase are present. In NP-containing monolayer, in addition to LE and LC domains, there are also
pinhole defects (darkest color) in both domains (insets in B) and stringe-like C16SAuNPs aggregates (lightest color). The sizes of themain images are 30 μm×30 μmand those of the insets
are 5 μm × 5 μm. [108]. Reprinted with permission from Tatur et al. [108]. Copyright (2012) American Chemical Society.
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Cs ¼ −
1
A

∂A
∂π

� �
ð18Þ

where A is themolecular area andΠ is the surface pressure. Elasticity is
the reciprocal of compressibility. The higher compressibility (lower
elasticity) represents a more diluted monolayer with weak intermolec-
ular interaction. Low compressibility is beneficial for surfactant function
because it enables surfactant films to reach zero surface tension rapidly
with a small change of surface area.

In addition to LB trough, pulsating bubble surfactometer [137], cap-
tive bubble tensiometer [138] have also been used to measure the sur-
face activity of lung surfactant.

4.1.2. Atomic force microscopy and domain images
The morphological properties of pulmonary surfactant are studied

by atomic force microscopy (AFM) [139] after a Langmuir film is trans-
ferred onto a substrate or by Brewster angle microscopy (BAM) directly
on air/liquid interface. In AFM images, pure DPPC exhibits regular pat-
terns where the dark LE phase is distinguished from the bright LC
phase (Fig. 5). The shapes and sizes of the domains change with the ex-
tent of compression. The shapes are determined by two competing
forces: one is the long-range dipole-dipole repulsion which leads to an
elongated domain, and the other is the boundary tension (γ) that forces
a domain to exhibit a circular shape to minimize the tension [140]. The
optimal diameter of LC domain is determined by equation (19)

D0 ¼ e3δ
2

exp
4πεε0γ
Δmð Þ2

" #
ð19Þ

where e is the natural constant, δ is the molecular dipole distance, ε is
the dielectric constant of water, ε0 is the dielectric constant of vacuum,
Δm is the dipole density difference between phases [141–144]. The dis-
connected LC domains move by Brownian motion, repelled by each
other and the LE domains to avoid coalescing. The previous studies
showed that the introduction of particles to the surfactant leads to
changes in domain shape and size. For example, alkylated Au nanopar-
ticles (NPs) disrupt the network ofmicrodomains and cause pinhole de-
fects in both LE and LC domains (Fig. 5).

The fractions of LC and LE domains determine the viscosity of lung
surfactant, thus the translocation of particles in the surfactant is af-
fected. The overall viscosity of the film (ηs) is denoted in equation (20)
ηs=ηso ¼ 1−A=Acð Þ−1 ð20Þ

where ηso is the shear viscosity of the continuous LE phase, A is the area
fraction of LC and Ac is the critical LC fraction where the LC domains
start to merge and the viscosity diverges [145]. As a result, the translo-
cation of particles within lung surfactant is greatly influenced by the
compression extent of the film [146]. In addition to AFM, other instru-
ment such as fluorescence microscope [147] can also be used to study
themorphological change of lung surfactant when interactingwith PM.

4.1.3. Surface Forces Apparatus (SFA)
Surface forces apparatus (SFA) is similar in some ways to AFM that

generally measures the force between a sharp tip and a surface, which
detects the force between two curved surfaces. In these techniques,
both the tip and the surfaces can be functionalized with desired mole-
cules [148]. SFA has a unique feature ofmeasuring the interaction forces
as a function of the absolute separation between two surfaces, which is
especially useful for soft materials [149,150]. The interfacial force is
measured based on the Hooke's Law by detecting the deflection of the
double cantilever spring [151], while the surface separation distance is
monitored in real time using an optical technique called multiple
beam interferometry [152]. Lung surfactant lipids can be deposited
onto substrate surfaces (e.g., mica) as monolayers, bilayers or multi-
layers by LB trough and then be applied for force measurements in
aqueous media using SFA. The surface force measurements can provide
useful information regarding the particle-lipids systems. Moreover, the
measurement of interfacial forces within surfactant lipids monolayers
and bilayer systems can offer important information and interactive
monitoring of the membrane fusion during PM-deposition.

SFA have been widely applied for quantifying a variety of forces in
both biological [148] and non-biological systems [153], such as van
der Waals forces, electrical double forces, hydrophobic interaction
[154] and solvation forces (e.g., hydration interaction). The interfacial
forces between different surfactant components have been directly
quantified using an SFA [155]. In this study, the stability of the bilayers
during surface interaction was evaluated by detecting the occurrence
of hemifusion using SFA. Lee et al. [156] obtained real-time images of
domain reorganization and force-distance profiles of lipid bilayers dur-
ingmembrane hemifusion using afluorescence SFA. They demonstrated
that the domains tend to rearrange in order to decrease the energy bar-
rier and increase the fusion rate in the membranes. This technique
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correlates fluorescence imaging with force measurements, which is ap-
plicable to monitor dynamic rearrangement and adsorption processes
in lung surfactant monolayers and bilayers.

4.1.4. X-Ray scattering and Other Techniques
The structural information of lung surfactant at air/water interface

can be obtained with several techniques, such as x-ray scattering, neu-
tron reflectivity and sum frequency spectroscopy. X-ray scattering is a
family of sensitive and nondestructive analytical techniques to charac-
terize the chemical composition, crystal structures and physical proper-
ties of thin films and other materials. These techniques can be used to
investigate biologicalmembranes directly and in situ at the air/water in-
terface under near physiological conditions [157]. The techniques of x-
ray scattering include x-ray reflectivity (XR), grazing incidence X-ray
diffraction (GIXD), x-ray diffraction, etc. In XR, x-rays are reflected
from a flat surface and measured. XR is useful to measure layer thick-
ness of thin films and multilayers, surface density gradients and layer
density, and surface roughness. This technique can easily distinguish
monolayer from bilayers or multilayers [158] due to the reflectometry
pattern produced from the interference of the reflected beams from
each interface. Usually, a surface normal electron density profile is ac-
quired in XR. The in-depth structural change of surfactant monolayer
can be revealed from the visible interference fringes and distinct fea-
tures in XR curves [159]. In addition to the outer part of monolayer
structures, XR is also very sensitive to layered lung surfactant due to
the presence of ionic lipids with high density of electrons in the
headgroups [158]. GIXD provides information about atomic order, crys-
tallinity and molecular orientation of surface and layers. GIXD is gener-
ally used in combination with XR, which gives a more comprehensive
picture of three-dimensional distribution of lung surfactant [127,160].

Neutron reflectivity is similar to x-ray reflectivity, where a beam of
neutrons is shined onto a flat surface and then reflected and measured.
Themagnitude of neutrons irradiation can be very high, for example, for
hydrogen and deuterium, which leads to high contrast in the measure-
ment. Neutron reflectometry has beenwidely used to observe the struc-
tures of bilayers attaching to monolayers or more bilayers at the air/
water interface [161]. The multilayers of bovine- and porcine-derived
pulmonary surfactant at the air/water interface were investigated
by neutron reflection, showing a disordered lateral surface with
lipid/protein bilayers alternating with aqueous layers [162]. The repeti-
tion period and correlation depths were also measured to be 70 Å and 3
to > 25 bilayers, respectively.

Sum frequency generation vibrational (SFG) spectroscopy is a
second-order nonlinear optical technique. This coherent vibrational
spectroscopy possesses selectivity of infrared andRaman spectroscopies
togetherwith surface sensitivity. It is a potent tool to study the structure
and orientation of different biomolecules such as lipids since the vibra-
tional spectra detected are determined by fundamentalmolecular struc-
ture. For example, in the investigation of the interaction between DPPG
bilayers andmelittin, the C-H and C-D stretching signalsweremeasured
from isotopically symmetric and asymmetric DPPG bilayers, providing
real-time information of the structural perturbation, such as water
alignment and adsorption kinetics, on the bilayers [163].

4.2. Studies of PM with different surfactant systems

DPPC is the most common lipid in biological membranes
(e.g., pulmonary alveoli lining) and DPPC monolayer has already been
well-characterized by many researchers [164]. Therefore, DPPC mono-
layer is widely used as a simple model of lung surfactant in particle-
surfactant studies. In addition, investigations on DPPC monolayer can
lay the foundation for studies on other complex biological membrane
systems. Hao et al. [99] measured the adsorption behavior of Fe3O4 to
DPPC monolayers. With the introduction of Fe3O4, the isotherm of
DPPC shifted to larger surface areas and the extent became larger with
increasing concentration of nanoparticles. This observation implies
that the nanoparticles were adsorbed into the monolayer. Generally,
the isotherm shifts observed in most studies are similar because the
nanoparticles investigated are always much larger than DPPC or other
lipidmolecules. The isotherms shift to largermolecular areas to account
for the areas occupied by the introduced particles [165]. The AFM im-
ages of DPPC with Fe3O4 showed that the nanoparticles formed granule
domains on the monolayer, reducing the elasticity of the monolayer.
This interaction was considered as the electrostatic attraction between
the negatively charged phosphate and positively charged Fe3O4

particles.
Clinical lung surfactant has been used to compare with pure DPPC

monolayer. Infasurf is a clinical lung surfactant extracted from calf
lung fluid. The composition is more complex and closer to human
lung surfactant than pure DPPC. In the research conducted by Farnoud
et al. [131], the Π-A isotherms of DPPC and Infasurf monolayers only
showed slight changes upon the deposition of carboxylated modified
polystyrene nanoparticles. Nevertheless, the maximum surface pres-
sure of the DPPC monolayer kept decreasing with every compression
and expansion cycle, due to the loss of DPPC from the air/water inter-
face at the end of each cycle. Upon collapse, nucleation occurs at the
phase boundary due to the curvature because the film cannot be com-
pressed further without destabilization. The decrease in the energetic
barrier for nucleation leads to the formation of bilayer folds and other
two-to-three-dimensional transformation, especially when there are
plenty of nuclei [166,167]. The presence of the carboxylated modified
polystyrene could provide nucleation sites and reduce the pressure re-
quired for collapse, facilitating the collapse of the film during com-
pression [168]. This inhibitory effect was diminished on Infasurf, and
the phase behavior was restored after five cycles. This result suggests
that in vivo, the particles investigated may not inhibit the function of
lung surfactant. Moreover, the reduction of the maximum surface
pressure of Infasurf was less than that of DPPC, indicating that less
Infasurf was squeezed out, or the replenishment of Infasurf was faster
than pure DPPC [131]. This phenomenon is consistent with the func-
tions of the SP-B and SP-C present in Infasurf. Other commercial pul-
monary surfactants such as Survanta [108,130,169], Curosurf
[98,101,104] are also used to test how exogenous PM affects their
phase behavior and morphology. Survanta is a natural bovine lung ex-
tract that contains a large fraction of fatty acids and triglycerides (10%
~20% with respect to DPPC by weight) but does not contain SP-A
[133]. Curosurf is extracted from porcine lung surfactant, and 99% of
the contents are lipids, with 1% SP-B and SP-C. The investigation of
pure DPPC and Survanta conducted with alkylated Au NPs indicates
that the domain formation in both systems was affected by the pres-
ence of NPs. In DPPC, the LE phase formation was promoted while
the LC phase formation was hindered [108]. In Survanta, the SP-B
and SP-C induced the formation of many small condensed domains
[170]. The alkylated Au NPs accumulated in the LE phase in Survanta
and merged into the hydrophobic proteins [108]. The presence of sur-
factant proteins also results in a higher foaming ability, which is an es-
sential property for the surfactant to maintain interfacial property
[111]. The foaming ability would be attenuated by NPs [109].

Besides pure DPPC and clinical pulmonary surfactant, the mixtures
of DPPC and other phospholipids or fatty acids have also been utilized
to explore the interaction with PM. These observations can not only
shed light on physiological processes but also validate the functions of
each component in natural surfactant. In the investigation of surfactant
comprised of different combinations of lipids (DPPC, DPPC: POPG, DPPC:
DLPC, Infasurf), the POPG-containing lipids showed a significant de-
crease of alkyl tilt angle in grazing incidence X-ray diffraction (GIXD)
measurement when interacted with nanoparticles, meaning that an-
ionic POPG could cause a change in the ratios of LE and LC phases due
to the fluidizing property of POPG [127]. POPG is manifested to be less
ductile than DPPC at certain surface areas, due to its smaller head
group/chain mismatch [171]. Stachowicz-Kusnierz et al. [112] com-
pared DPPC, POPC monolayers, and a monolayer of a mixture of DPPC



11F. Wang et al. / Advances in Colloid and Interface Science 284 (2020) 102244
and POPC. The Π-A isotherms of both the binary monolayer and pure
POPC monolayer showed larger mean molecular areas than that of
DPPC because of the double bond in POPC. Upon the addition of Benzo
[a]pyrene, the condensing effect became more obvious on the binary
monolayer than on the one-componentmonolayers. Molecular dynam-
ics simulations validated this difference by demonstrating that the un-
saturated lipids such as POPC and POPG could make surfactant more
fluidized, and meanwhile, they might sustain a larger pressure increase
at low initial pressure [79,112]. Zhao et al. [109] found that unsaturated
lipids DOPC displayed a synergistic solubilization effectwith DPPC to in-
crease the total solubilizing ability of natural pulmonary surfactant on
PAHs particles.

Monolayers have been extensively investigated, while bilayers and
multilayers which exist in a variety of locations in the lung are observed
and studiedmore recently. The bilayer vesicles in the subphase of alveoli
and attached to the interface are responsible for the transfer and prefor-
mation of the film at the air/water interface. Moreover, more and more
evidence revealed that the structure of a surface monolayer with one
or more bilayers underneath exists at the alveolar interface. This multi-
layered structure which may derive from the multilaminations during
the production and migration of lamellar bodies also contributes to the
mechanical property of pulmonary surfactant [172]. It has been reported
that invading particles also interact with bilayer vesicles during the de-
position on the alveoli [97,173]. A dynamic simulation showed that the
mean square displacement of dibenz[a,h]anthracene particles on a
DPPC/DPPG/cholesterol bilayer (64:64:2) was larger than that on a
pure DPPC bilayer, suggesting the important roles of cholesterol and
DPPG in the modulation of the flexibility of bilayers [111]. In a broncho-
alveolar lavage fluid (BALF), oxides particles interacted with liposome-
like structures to form large agglomerates. Instead, the oxides particles
interacted with bilayer vesicle structures and formed much smaller ag-
gregates in the 2:1 mixture of DPPC and dipalmitoyl phosphatidic acid
(DPPA) [97]. In solutions of unilamellar lipid vesicles composed of
DPPC/POPG/Palmitic acid (PA), Ruge et al. [174] discovered that the
lipids greatly modulated the effects exerted by SP-A and SP-Dwhich en-
hanced the alveolar macrophage uptake of magnetite nanoparticles.

When a cationic lipid such as cetyltrimethylammonium bromide
(CTAB) was added to DPPC monolayer, the bulking of the monolayer
was diminished at high surface pressure. This result is due to the
cohesive effect of CTAB that enables the monolayer to maintain flat
geometry and even achieve negative surface tension at high surface
pressure [175].

4.3. Studies of surfactant interacting with different PM

4.3.1. The effect of particle size
It is known that particle size impacts the cellular uptake of particles.

In vivo studies indicated that larger NPs caused a greater load of macro-
phages [176] and induced more cytotoxicity and inflammation in mice
[177]. Particle size also plays a crucial role in the interactions between
PM and lung surfactant. In a study of poly(organosiloxane) NPs with di-
ameters of 12 nm and 136 nm [165], 12 nm particles did not cause
Table 3
Particle size effects on particle-surfactant interaction

Author/year Particle composition Size range S

Ku et al./2008 [179] Gelatin particles cross-linked
with glutaraldehyde

137, 197, 221, 236,
and 287 nm

D

Dwivedi et al./2014 [165] Poly(organosiloxane) 12nm and 136nm D
D

Kodama et al./2014 [130] Polystyrene 20, 30, 40, 100, 500,
and 1000nm

S

(Simulation) Curtis et al./2015
[173]

Coarse-grained nanoparticles 1, 2, 4, 6, 10, and
25nm

C

significant changes on the isotherm curves of both DPPC monolayer
and DPPC/DPPG/SP-C (80:20:0.4 mol %) lipid mixture except at very
high concentrations, while 136 nmparticles diminished the coexistence
of LE and LC in DPPC monolayer but enhanced the transition plateau of
DPPC/DPPG/SP-C film even with low concentrations. The isotherm of
DPPC monolayer, in this case, did not shift to larger molecular areas
with nanoparticles, suggesting the transfer of some lipid molecules to
particle surface. The compressibility of both DPPC and the mixture
films was increased with the presence of 136 nm particles, resulting
from the perturbed lipid packing order and decreased intermolecular
interactions. These effectswere strongerwith higher particle concentra-
tions. The disturbance on the interfacial packing is controlled by an in-
terplay between steric hindrance, excluded area effects and other
interactions [178]. The large particles also attenuated the phase separa-
tion of DPPCmonolayer due to the decrease in line tension and inhibited
the vesicle insertion process, which would impair the preformation of
surfactant interfacial film [165].

Nevertheless, the strength of particle-surfactant interaction is not
linearly associated with particle size. Instead, parabolic curves are al-
ways derivedwith the existence of critical diameters that cause a signif-
icant change in the biophysical properties of pulmonary surfactant, and
the values varywith the type of NPs. Ku et al. [179] reported that the iso-
therm of DPPC monolayer shifted to larger molecular areas when
interacting with gelatin-based particles (136 nm, 197 nm, 221 nm,
236 nm, 287 nm). The extent of the shift was maximum with the
236 nmparticles. The surface potential of the DPPC filmwas also greatly
influenced by the presence of the particles, thereinto smaller particles
resulted in steeper and less delay of the headgroup dipole reorientation
while larger particles led to stronger delay. Kodama et al. [130] discov-
ered that among the five different sizes, only 20 nm particles led to
the disappearance of “squeeze out” plateau of Survanta, which was
also verified in the fluorescence microscopic image showing that only
the 20 nm particles caused changes in the LC domain. A molecular dy-
namic simulation was conducted by Curtis et al. [173] to explore how
different sized particles interact with DPPC bilayers. The results indi-
cated that the hydrophilic particles with diameters from 2 nm to
25 nm became wrapped in DPPC bilayer, while smaller particles with
1 nm diameter were embedded in the bilayer surface (Table 3). Equa-
tion (21) shows the equation denoting that the radius of particles influ-
ences the wrapping energy of the particles in lipid membrane:

E ¼ 2ϵ=R2 þ в−uad

� �
Ac ð21Þ

where ϵ is themembrane bending rigidity, R is the radius of particles, в is
themembrane tension, Ac is the contact area, uad is the adhesion energy
per unit area [180].

Kodama et al. [130] pointed out that the effect of particle size on
particle-surfactant interaction might be ambiguous since the observa-
tion would also partly result from the difference of the associated phys-
ical properties, e.g. total surface area and specific surface area, the
chemical nature of particle-molecule interaction. The total surface area
effect has already been evaluated and it was excluded from the factors
urfactant Main findings

PPC monolayer 236 nm particle has the highest affinity towards
surfactant

PPC monolayer and
PPC/DPPG/SP-C (80:20:0.4 mol%)

Severe inhibition only observed with 136 nm
particle

urvanta Only 20 nm particle eliminates the squeeze-out
phase in isotherms and drastically increases the
domain fraction of the LC phase

oarse-grained DPPC bilayer Hydrophilic particles larger than 2 nm become
wrapped while 1 nm particles become embedded



Fig. 6. (A) Schematics of DLVO interactions between positively charged particle-particle and particle-surface systems in an aqueous solution. For surfaces carrying similar charges in the
aqueousmedia, their DLVO interactions combine the effect of electrical double layer repulsion and van derWaals attraction. (B) Schematic plots of DLVO interaction energy vs. separation
distance between similarly charged surfaces or colloidal particles dispersed in aqueous solutions. The double layer force exists as relatively long-rang repulsion. The net DLVO interaction
has a high peak known as the energy barrier at high charge density and low electrolyte concentration. In concentrated electrolyte solution, a secondary minimumwould appear at some
critical separation,while the primaryminimum is presentwhen the interacting surfaces are in contact.When the surface charge densities are high in solutionswith dilute electrolytes, the
surfaces repel each other as the double layer force dominates. When the charge densities are below a certain value or the electrolyte concentration is higher than the critical coagulation
concentration, the energy barrier falls below 0, giving rise to rapid coagulation [188].
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impacting the phase transition of surfactant. However, the researches
on the effect of specific surface area and nature of particle-molecule in-
teraction are limited. In general, particle size can only be assessed as a
reference factor, rather than an independent factor that determines
the particle-surfactant interaction.
4.3.2. The effect of surface charge
Surface charge is a key factor determining the toxicity of NPs. The

study of functionalized (e.g., Guanidinium-, acetylated-, zwitterionic-,
hydroxylated-, PEGylated-, carboxylated- and sulfated-) polystyrene
particles proved that lung inflammation was significantly influenced by
surface charge [181]. Regarding the interactions between particles and
pulmonary surfactant, electrostatic force has been considered as one of
the main contributors [96,99,182]. Electrostatic force is a much stronger
and longer-range force than other forces [183]. According to Coulomb’s
law, the electrostatic force KE, between two charged particles is

KE dð Þ ¼ Qqbd
4πd2ε0ε

ð22Þ
where Q and q are the charges of the particles respectively, bd is the unit
vector from one particle to the other, d is the distance between the
particles, as

bd ¼ d= dj j ð23Þ
ε0 is the vacuum permittivity and the approximate value is 8.85*10−12

C2N−1m-2. ε is the dielectric constant of the medium. The electrostatic
force would be attractive if Q and q are of opposite signs, otherwise
repulsive.

When taking the aqueous environment (e.g., the subphase) into
consideration, the effect of surface charge becomes more complex. Ac-
cording to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,
the interaction between charged spherical PM and surfactant surface
is influenced by both the van der Waals force and double layer force
which derives from the electric double layer formed in aqueous solu-
tions [184–186]. An equation describing the double layer force between
a charged sphere and a flat surface is given as

Fdouble ¼
2πR
εlε0κ

σ2
T þ σ2

S

� 	
e−2κd þ 2σTσ se−κd

h i
ð24Þ
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where R is the radius of the sphere, εl and ε0 are the dielectric constant
of the liquid and vacuum, respectively, κ is the inverse of the Debye
length, σT and σs are the surface charge densities of the sphere and
the surface, respectively [187]. Fig. 6 illustrates a DLVO model for the
particle-particle and particle-surface systems with same charge signs
as an example. The double layer force exhibits as repulsive in this case.
Besides van der Waals force and double layer force curves, a net DLVO
interaction curve is also plotted. For PM-lung surfactant surface system,
double layer forcemay exist as repulsive or attractive, depending on the
charge sign and charge density of PM, and the composition of lung sur-
factant. The surface charge densities and electrolyte concentrations de-
termine the magnitude of the energy barrier, reflecting the stability of
the particle-particle dispersion and particle-surfactant film system in
the solutions.

The silica particles with negative charges form lipid-particle com-
plexes with the positively charged ammonium groups of DPPC, chang-
ing the dipole moment of the DPPC molecules to affect the molecular
packing, thus the nucleation of LC domains is disrupted. As a result,
the LE-LC plateau on the isotherm becomes flat [189]. Another nega-
tively charged particles - carboxylmodified polystyrene caused a partial
collapse of the DPPC monolayer and changed the ratio of ordered do-
mains to obtain a more compact DPPCmonolayer. The polystyrene par-
ticles also increased the hysteresis area during compression and
expansion cycle. These phenomena proved the adsorption of the poly-
styrene particles to DPPC during expansion and the ejection of the par-
ticles to subphase during compression [134]. The electrostatic
interaction also greatly eliminates the translocation capability of parti-
cles and the elimination effect increases with surface charge density.
In amolecular dynamics simulation, the charged particleswere partially
wrapped in DPPC instead of penetrating the film, facilitating the struc-
tural change and inhibiting the phase change of the surfactant film
(Fig. 7C, D, E) [190].

The positively and negatively charged particles do not show
much difference to pure DPPC due to the zwitterionic property of
the molecules. However, because of the presence of other cationic,
anionic lipids and proteins in natural pulmonary surfactant, the ef-
fect of particle charge becomes complex (Fig. 7A). Negatively
charged polylactide nanoparticles were found to be a more potent
surface activity inhibitor on Curosurf than positively charged nano-
particles [104]. Hu et al. [191] confirmed this trend in amolecular dy-
namics simulation. It is because that the positively charged SP-B1-25

could be adsorbed onto the anionic particles even when the anionic
particles were trapped in the film, leading to protein denaturation
and the conformational change of surfactant. Another positively
charged protein SP-C also contributes to this effect [92,104]. How-
ever, in the investigations of aluminum oxide, silicon dioxide, and
latex nanoparticles, the negatively charged latex and silica did not
cause direct or strong interaction to either synthetic (mixture of
DPPC, POPG, etc.) or exogenous surfactant (e.g., Curosurf), while
the positively charged aluminum oxide, silica and latex form aggre-
gates with surfactant vesicles, and the interaction strength increased
with surface charge density. The particle-vesicle aggregates can last
for weeks [101]. This affinity of positive particles towards lung sur-
factant is ascribed to the net negative charge of the surfactant.
Behyan et al. [127] reported that both cationic and anionic silica par-
ticles shifted the isotherms of DPPC: POPG to larger molecular areas
with low concentrations in the subphase, while only cationic parti-
cles showed an impact on Infasurf isotherm at high surface pressure.
However, though GIXD and x-ray reflectivity studies revealed that
anionic silica nanoparticles would interact with lipid head and
change the alkyl chain organization and orientation of the surfac-
tant, the effect was very small. By contrast, cationic nanoparticles
caused a large reduction of the chain tilt angle in the condensed
phase, which would affect the LE-LC phase ratio, thus changing the
mechanical properties of the film (Fig. 7B). Behyan’s discovery was
believed to be strongly associated with the presence of anionic
POPG. The interactions caused by the introduction of anionic parti-
cles observed in some other studies were from the electrostatic re-
pulsion between the anionic phospholipids and the particles [192].

In general, the surface charge of particles enhances the interaction
with lipids. For pure DPPC monolayer, because of the zwitterionic fea-
ture, the charge signs of particles do not make much difference on the
translocation behaviors [190]. The behavior is quite different in natural
pulmonary surfactant with the presence of other lipids and surface pro-
teins, where positively charged particles always cause more pro-
nounced effects on the structural and functional properties of the
surfactant. The strength of the interaction is positively related to surface
charge density. However, Kodama claimed that the effect on particle-
surfactant interaction brought about by surface charge was not as pow-
erful as that of particle size [130].

4.3.3. The effect of particle hydrophobicity
Besides electrostatic attraction, hydrophobicity also contributes to

the interaction between PM and lung surfactant. Hydrophobic interac-
tion is greatly dependent on temperature since it is entropy-driven.
The entropy will increase (ΔS>0) when hydrophobic particles interact
with each other, while the enthalpy decreases (ΔH>0) resulting from
the breaking of hydrogen bonds. According to Gibbs free energy formula

ΔG ¼ ΔH−TΔS ð25Þ

if ΔH is smaller than TΔS, it leads to a negative value of ΔG, which indi-
cates the spontaneous hydrophobic assembly. There is no widely ac-
cepted theoretical formula for hydrophobic force or energy because
the interactions between macroscopic hydrophobic surfaces and those
between hydrophobic nanoparticles ormolecules are not quantitatively
equal. For example, the hydrophobic interaction between two solid sur-
faces could be demonstrated in Eq.(26) [193]

FHB Dð Þ
λ

¼ −C0e−D=DHB ð26Þ

where λ is the curvature of the interacting surfaces, C0 is an empiri-
cal parameter, D is equilibrium distance, DHB is the hydrophobic decay
length. An empirical formula showing the hydrophobic energy is

EHB ¼ −γ a−a0ð Þe−D=DHB ð27Þ

Here, γ is the interfacial tension, a is the area per molecule, a0 is the
optimum area per molecule [194]. Additionally, the existence of hydro-
philic headgroups, tails and other moieties, and local surface geometry
also directly affect the hydrophobic interactions. Therefore, hydropho-
bic force is non-additive [195]. As a matter of fact, the long-range
force observed between two hydrophobic objects is a combination of
several forces [196]. Hydrophobic force predominates over electrostatic
and steric repulsion when the distance of the particles decreases to the
decay length [194]. The calculated energy curves in Fig. 8 indicate that
hydrophobic interaction is a short-range force.

Hydrophobic particles can nucleate the collapse of the compressed
DPPC monolayer, causing an irreversible decrease of the collapse pres-
sure, as hydrophobic attraction leads to the formation of particle-DPPC
complex and stabilizes the particle-DPPC monolayer from expelling
the particles [189,197], which contrasts the observation on hydrophilic
silica particles [178]. This trend is also supported by Zhang et al. [106]
that the aggregates formed by the introduction of hydrophobic Au NPs
to disturb the domain size on DPPCmonolayer could stay on the surface
of pulmonary alveoli for a long time. It is owing to the hydrophobic in-
teraction between the Au particles and the surfactant, and this interac-
tion decreased the compressibility and inhibited the phase transition of
the surfactant. The retention rate of hydrophobic particles at the surfac-
tant Infasurf monolayer is also higher than that of hydrophilic particles
(Fig. 9A) [198]. It is the acyl group [165] aswell as the long hydrophobic
tails [199] of DPPC molecules that interact with hydrophobic particles,



Fig. 7. (A) Surface pressure-area isotherm and (B) contour plots of x-ray intensities vs. in-plane and out-of-plane scattering vector components qxy and qz of various surfactant systems
with andwithoutNPs silica Levasil 200S (cationic) and Bindzil 30/360 (anionic). The surfactantmixtures are DPPC:DLPC (7:3 bymole ratio) andDPPC: POPG (7:3). (A) The introduction of
NPs did not cause significant changes in DPPC and DPPC: DLPC. Both cationic and cationic NPs caused an increase in themolecular area of DPPC: POPG, while only cationic NPs shifted the
Infasurf curve at the pressures above the “squeeze out” plateau. (B) The systemswere treated as homogeneousmonolayer based on the assumption that the sizes of LE and LC domains are
smaller than the x-ray beam footprint. The diffraction peaks of DPPC, DPPC: POPG and Infasurf shifted to larger value of qz with anionic NPs, revealing a unit cell expansion. Cationic NPs
induced the shift of the diffraction peaks in DPPC: POPG and Infasurf to lower qz, indicating a reduction in the tilt angle. The subphase for each sample was ultrapure water (left), anionic
silica NPs aqueous solution (middle), and cationic silica NPs aqueous solution (right). Surface pressure: 35mN/m; in (A) and (B), the concentrations of NPswere 0.001wt%. Temperature:
22.0± 0.5°C [127]. Republishedwith permission of Royal Society of Chemistry, from “Nanoparticle-induced structural changes in lung surfactant membranes: an X-ray scattering study”,
Behyan et al., 5, 2018 [127]; permission conveyed through Copyright Clearance Center, Inc. (C) (D) (E) Molecular dynamic simulation. Hydrophilic NPs with positive and negative charges
interact with pulmonary surfactant monolayer [190]. (C) is at expanded state and (D) is at compressed state. Each column shows the final structure of the particle-surfactant interaction
corresponding to surface charge density. The upper side of themonolayer iswater and the lower side is air. (E) Themodel of NPs set up in the simulation. The surface charges and densities
are illustrated. Color code: the neutral coarse-grained beads in black, the cationic in yellow and the anionic in blue. It showed that the charged particles were only wrapped in the
monolayer instead of directly penetrating. Republished with permission from “Effect of the surface charge density of nanoparticles on their translocation across pulmonary surfactant
monolayer: a molecular dynamics simulation”, Chen et al., Molecular Simulation, 2018 [190], published online on 25 Jun 2017. Reprinted by permission of the publisher (Taylor &
Francis Ltd, http://www.tandfonline.com).
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therefore DPPC molecules would be adsorbed to particles from the air/
water interface, changing the structure of the surfactant monolayer.
Konduru et al. [97] discovered that the lipid adsorption ability of hydro-
phobic cerium oxide was much stronger than that of other hydrophilic
particles when incubated in different surfactant systems including
DPPC, DPPC/DPPA, and rat bronchoalveolar lavage fluid (BALf) (Fig. 9B).

The Π-A isotherm of DPPC was significantly and horizontally
shifted to larger molecular surface areas by hydrophobic montmoril-
lonite and silica particles owing to the formation of hydrophobic com-
plexes with the incorporation of the particles, which led to excluded
area effects [129,197]. The hydrophilic halloysite and bentonite NPs
shifted the Π-A isotherm to smaller molecular areas, resulting from
the decreased distance between DPPC molecules [129]. In Infasurf,
the effect of particles on isotherm is a little bit different. Both hydro-
philic and hydrophobic particles shifted the curve to smaller surface
areas, increasing the compressibility of the film, as well as decreasing
the ability to reduce surface tension upon compression and inhibiting
the compression-expansion activity (Fig. 10A, B) [191,198]. It is pro-
posed that hydrophilic particles can bind to the polar end of DPPC
molecules, leaving the hydrocarbon tails pointing out. This attraction
also causes the adsorption of lipid molecules to hydrophilic particles,
and the lipid-particle complexes would further aggregate to sink
[129], though this adsorption is not as strong as that driven by hydro-
phobic interactions [97]. When incubated in the mixture of DPPC and



Fig. 8. The overall force law of interaction energies and individual contributions vs. separation distance for trans azobenzene trimethylammonium bromide (azoTAB) bilayers. The
hydrophobic energy is dominating as the bilayer-bilayer distance deceases to about 1 nm, indicating that the force between hydrophobic objects becomes pure hydrophobic
interaction at short range [194]. Republished with permission from Donaldson et al. [194], Proceedings of the National Academy of Sciences, 2011; 108: 15699.
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DPPA, hydrophobic particles would insert into lipid vesicles and be as-
sociated with the formation of multilamellar lipid bilayers, while the
relatively hydrophilic ones stayed outside lipid bilayers vesicles and
related to the formation of unilamellar lipid bilayers (Fig. 9B) [97].
The translocation behaviors that were studied by molecular dynamics
simulations showed that both hydrophilic and hydrophobic particles
would transport through the surfactant, but in different manners.
The hydrophilic particles directly penetrated the monolayer, while
the hydrophobic particles were wrapped by the surfactant and passed
Fig. 9. (A) Comparison of NPs retention at the Infasurf film. AFM images of pure Infasurf and Inf
acid-terminated poly(D,L-lactide-co-glycolide) (PLGA), P103E: ester-terminated PLGA, PST: po
P103E is the medial and PST is the most hydrophobic. The resolution of AFM images at 20, 30,
mN/m is 20μm*20μm, z ranges are: Infasurf, 20 nm; Infasurf + P02A, 250 nm; Infasurf + P10
are indicated with white arrows. The presence of NPs is positively related to hydrophobicity
surface [198]. Reprinted with permission from Valle et al. [198]. Copyright (2014) American C
(a,b) and BaSO4 (c,d) [97]. NPs interacted with lipid vesicles with polyhedral shapes. Onion-
were shown with BaSO4. Reprinted with permission from Konduru et al. [97]. Copyright (2018
through the DPPC monolayer [200]. For DPPC bilayer, the hydrophobic
particles directly penetrated the membrane and were embedded
within the inner hydrophobic core of the bilayers, while hydrophilic
particles became wrapped by the lipid bilayers [173]. The combined
in vitro and in silico research conducted by Hu et al. [191] on Infasurf
suggests that hydrophobic polystyrene particles caused the formation
of high protrusions as the film was compressed, resulting from the en-
capsulation of the particles, while hydrophilic hydroxyapatite particles
translocated quickly across the film. Hu also revealed that the
asurf mixed with NPs at four different surface pressures (20, 30, 40, and 50mN/m). P02A:
lystyrene. The hydrophobicity increases as a manner that P02A is the least hydrophobic,
and 40 mN/m is 50μm*50μm and the z range is 5nm. The resolution of AFM images at 50
3E, 350 nm; and Infasurf + PST, 120 nm. The image at 50 mN/m is depicted in 3D. NPs
. After the monolayer-to-multilayer transition, all three types of NPs are spotted at the
hemical Society. (B) Cryo-TEM images of 2:1 mixture of DPPC: DPPA with particles CeO2

like multilamellar vesicle structures were present with CeO2 while unilamellar vesicles
) American Chemical Society.



Fig. 10. (A) Statistical analysis of the effect of NPs on the compressibility of Infasurf. *p < 0.05 for comparison to pure Infasurf. NPs significantly increased the compressibility during
compression (κcomp) and decreased the compressibility during expansion (κexp). The extent is proportional to hydrophobicity. (B) Compression and expansion cycles for pure Infasurf
and Infasurf with NPs. The hysteresis area was increased with NPs and the extent increased with hydrophobicity. (A)(B) The data were obtained with constrained drop surfactometer
at 37°C and cycled at a physiological relevant rate (3s/cycle). P02A: acid-terminated PLGA, P103E: ester-terminated PLGA, PST: polystyrene. The hydrophobicity increases as a manner
that P02A is the least hydrophobic, P103E is the medial and PST is the most hydrophobic [198]. Reprinted with permission from Valle et al. [198]. Copyright (2014) American Chemical
Society. (C) BAM images (311 μm*418 μm) of pure DPPC on pure water subphase, and DPPC on SiO2 (1 wt %) and carbon black (CB) dispersions atΠ = 7.5 mN/m. Compared with CB,
the stronger distorting effect on the domain size and shape caused by SiO2 is mainly from electrostatic attraction [189]. Reprinted with permission from Guzmán et al. [189]. Copyright
(2011) American Chemical Society
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inhibition induced by hydrophobic polystyrene particles to Infasurf is
faster than that caused by hydrophilic hydroxyapatite particles. How-
ever, the hydrophobicity of particles does not cause much difference
when interacting with the hydrophobic SP-A and hydrophilic SP-D.
These two surfactant proteins are selectively adsorbed to the particle
and interplay with the lipids, hence the alveolar macrophage uptake
of hydrophobic and hydrophilic particles in the unilamellar vesicles
are at comparable levels [174].

Though previous studies on natural pulmonary surfactant such as
Survanta [199], BALF [97] indicated that some lipids could be adsorbed
onto the hydrophobic particles via strong hydrophobic interactions,
there was no significant change in the domain formation and structure
of Survanta after the introduction of particles in Tatur’s experiments,
which was speculated due to the merging of the particles into the hy-
drophobic surface proteins existed in the natural surfactant [108]. How-
ever, Valle et al. [198] observed that the size of the phospholipid
domains of Infasurf was reduced by both hydrophilic and hydrophobic
NPs, along with the disturbance on the conformational monolayer-to-
multilayer transition. This difference is due to the particle size. In the
former study, the particleswith core diameter of 2 nmwere comparable
to the size of SP-B and SP-C and easily accumulated with these hydro-
phobic proteins in the LE phase; while the sizes of particles in the latter
experiment were 260, 350, and 95 nm which led to the formation of
protrusions on the monolayer.
Both hydrophobicity and surface charge play important roles in the
phase behavior and structure of pulmonary surfactant, whereas the
disrupting effect of surface charge is related to electrostatic interaction,
which influences the orientation of DPPC molecules. Thus the surface
charge always causes stronger effects on the biophysical properties
and domain structure of DPPC (Fig. 10C) [189]. Nevertheless, the
amount and type of lipids adsorbed onto the particles are determined
by hydrophobicity rather than surface charge [97].

4.3.4. The effect of particle shape
Kondej et al. [129] noticed that the particle shape also led to differ-

ences in the phase behavior of DPPC. Plate-like bentonites and
halloysite nanotubes showed different impacts on the phase behavior
of DPPC, despite that they are all hydrophilic and surface-inactive. The
dissimilar behaviors of the bentonite and halloysite particles com-
pared with spherical silica particles suggest that the squeezing-out
of particle-lipid complexes during compression was amplified for the
non-spherical particles [129,189]. A systematic molecular dynamics
study has been conducted to validate the influence of particle shape.
For hydrophilic particles, the simulation showed that they penetrated
DPPC monolayer, but the rod particles seldom disrupted the packing
structure of DPPC while the barrel and disk particles caused an obvi-
ous change in the structure. Barrel particles led to the most obvious
disturbance because of the largest contact area, while rod particles
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showed the smallest contact area with DPPC molecules to induce the
lowest influence. Shape also affects the penetration ability as the
rod-like particles bore the highest penetration ability. This simulation
suggests that the length-to-diameter aspect ratio of cylindrical NPs is
the key parameter to determine the penetration ability of particles
and structural disturbance on DPPC monolayers [201]. Kondej et al.
[169] examined the influence caused by nanotubes and nanohorns,
the results showed that the nanomaterials with higher specific surface
areas induced more frustration to lung surfactant. Capillary force is
speculated as one of the reasons why particle shapes influence the
particle dynamics and disruption of lung surfactant. The capillary
force is higher for the particles with sharper edges because of the pin-
ning of the air-water interface at the edges, especially for cylindrical or
cubical shapes [202,203].

In conclusion, the strength of capillary force increases with the
length of air-water-solid interface [203]. Besides, shape anisotropy and
the initial orientation of particles also contribute to the shape effects
on particle-lipid interaction [204].

4.3.5. The effect of adsorbates, ambient dust and other polymer composites
PM carries many different kinds of chemicals. One of the most toxic

components in PM is polycyclic aromatic hydrocarbon (PAHs) which
has been proved to cause carcinogenic effect to organisms. Several re-
cent papers have discussed the interactions of some PAHs with pulmo-
nary surfactant. Zhao et al. [109] revealed that natural surfactant
increased the solubilization of anthracene significantly, depressing the
adsorption of anthracene to nanoparticles, thus the adsorption of an-
thracene to pulmonary surfactantwas enhanced, which led to increased
toxicity of the inhaled particles. Zhao et al. [205] confirmed that the
mixed phospholipids in natural surfactant were responsible for the sol-
ubilization of PAHs. A molecular dynamics simulation [112] and exper-
imental results [76] indicated that benzo[a]pyrene caused a condensing
effect on surfactant monolayer and reduced the hydration of the mono-
layer, leading to a decreased fluidity. Benzo[a]pyrene also destabilizes
DPPC/DPPG monolayer by decreasing the surface pressure. Neverthe-
less, during compression, benzo[a]pyrene may be expelled to water
subphase due to the presence of DPPG. These results suggest that the ac-
cumulation of benzo[a]pyrene in surfactant monolayers not only im-
pairs the surfactant function but also attenuates the barrier role of the
surfactant with an easier access to the underneath fluid [76]. Another
simulation about dibenz[a,h]anthracene and its metabolite 3,4-diol-
1,2-epoxide interacting with lung surfactant bilayers showed that they
formed aggregates in the lipids and subphase, aswell as at the interface.
The metabolite was more likely to diffuse through the film to the sub-
phase [111].

Besides pure synthetic compounds, some complex PM derived from
ambient dust including tobacco smoke, diesel exhaust dust, biofuel
combustion dust, etc. have also been investigated with lung surfactant
and the models. The particle emissions from biofuel combustion were
revealed to deposit in alveoli, increasing the compressibility of lung sur-
factant and lowering the surface pressure, thus destabilizing themono-
layer. Meanwhile, the particles can also predispose the collapse of
alveoli, leading to respiratory distress [114]. Sosnowski et al. [110] re-
vealed that benzo[a]pyrene released from soot particles interacted
with the hydrophobic part of lung phospholipids and inhibited the dy-
namic and mechanical properties of lung surfactant. The pulmonary
clearance rate was also reduced. Kendall reported that a lot of DPPC
and amino acids in bronchoalveolar lavage were adsorbed to urban
PM2.5 particles, which would sequester the lung surfactant [115]. Elec-
tronic cigarettes are used as an alternative to cigarettes, but a high con-
centration of the major adsorbate glycerol and propylene may induce a
decrease in the surface tension and hysteresis of the surfactant during
compression. This effect would bemore obvious in people who have al-
ready had lung diseases [206]. The side effect caused by ambient PM is
not easy to be overcome by lung surfactant, as the inhibition gets stron-
ger with time, leading to alveolar atelectasis [114]. Moreover, the
adsorption of surfactant components to PMwould interfere with innate
immunity [115].

Polymericmaterials have been utilized in industry in huge amounts,
and as a result, ambient PM contains increasing amounts of polymeric
particles. Moreover, as a popular platform in the application of
nanomedicine, the potential toxicity of polymericmaterials has become
a concern. Chitin[poly(b-(1-4)-N-acetyl-D-glucosamine)] is a biopoly-
mer that has been utilized in food, cosmetics and pharmaceutical indus-
tries due to its biocompatibility. Recent papers showed that chitin
would affect the structure and function of lung surfactant by electro-
static attraction. Chitin could adsorb the phospholipids, hindering the
formation of LC phase. Under higher pressure, the chitin particles
were squeezed out along with some adsorbed lipids, thus the order of
the monolayer was disturbed [207]. Poly(styrene) and poly(lactide)
are two common polymers that have been applied in nanomedicines.
However, these polymers always provoke a decrease in lung activity
by aggregation and protein depletion [131,208]. These adverse effects
can be resolved with coatings. For example, poloxamer and bioinspired
poly (2-methacryloyloxyethyl phosphorylcholine) coatings can prevent
particle aggregation and the adsorption of surfactant to particles by ste-
ric shielding, thus the impairment of the biophysical functions can be
significantly attenuated [105,208,209]. The exploration of the interac-
tion between various polymers and pulmonary surfactant could provide
inspiration to the development of lung drug delivery platforms with
high biocompatibility and low toxicity.

5. Health Effects Associated with PM invasion

When PM readily interacts with pulmonary surfactant and deposits
on it, besides physical properties, physiological properties of the surfac-
tant are also influenced. PM penetrates through the surfactant into lung
epithelial cells and causes further physiological disturbance to lung and
other organs [210]. It is speculated that bonemarrow can be stimulated
by PMdeposition and cause systemic inflammatory response, leading to
chronic diseases such as cardiovascular disease, because cytokines were
detected in the circulation in response to PM [211]. It is also hypothe-
sized that nanoparticle is able to penetrate through epithelial into the
circulation directly and cause diseases, since the inhaled particles
were found at the sites of vascular disease [212].

In addition to PM and the toxic chemicals adsorbed to PM, another
type of adsorbate on PM-microorganisms can also strongly affect
human health. A two-day exposure to high levels of PM2.5/PM10 sig-
nificantly changed in the composition of the pharyngeal microbiota
[213]. Compared with pre-smog swabs, the relative abundance of 38
phyla, including Firmicutes, Fusobacteria, and Actinobacteria, increased
in post-smog swabs. Among them, Leptotrichia, Corynebacterium and
Veillonella were the top three genera with more than 20,000 reads
for each. In addition, there were 11 new phyla detected in post-
smog swabs. This change may increase unexpected risks, especially
respiratory infections, to human. It should be noted that the relative
abundance of two respiratory pathogens H. influenza and M. catarrhalis
were increased by 240% and 150%, respectively, which would lead to
morbidity and mortality of diseases such as pneumonia. Influenza A
virus significantly changed the metabolism of alveolar type II cell in
surfactant lipid, leading to surfactant dysfunction [214]. Coronavirus
SARS-CoV-2 that triggered the current pandemic could damage both
type I and type II alveolar cells, giving rise to reduced production
and secretion of pulmonary surfactant to the alveolar interface, as
well as inhibiting gas exchange between blood and the alveoli. Middle
East respiratory syndrome (MERS)-CoV could also infect type I
cells [215].

5.1. Physiological effects on pulmonary surfactant

Schürch et al. [216] reported in 1990 that the latex particles depos-
ited in hamster lungs were submerged in the subphase and coated
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with osmiophilic film. A direct physiological change of pulmonary sur-
factant with deposition of PM is the elevation in the amounts of surfac-
tant, which would lead to surfactant dysfunction. Murphy et al. [217]
discovered that crystalline quartz led to an increase of extracellular sur-
factant, resulting from the increased number or secretion of type II cells.
The augment of single surfactant component was also observed in rat
lung with the inhalation of fly ash [218]. In this study, total phospho-
lipids, phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
significantly increased in lungs. Meanwhile, PC, especially DPPC in
lung surfactant, andmicrosomes were much higher upon PM exposure.
It is due to the CDP-choline pathway and N-methylation of PE in lung
cells. Another in vivo study on rats exposed repeatedly to diesel exhaust
also testified the overproduction of phospholipids in pulmonary surfac-
tant, indicating the risk of chronic lung injury [219]. The production of
certain surfactants is a defensemechanism to protect the lung from fur-
ther injury and avoid alveolar collapse caused by PM [218]. When the
pulmonary macrophage fails to clear the increased surfactant, alveolar
lipoproteinosis occurs [220], leading to shortness of breath.

Microbial virus adsorbed to PM also induces changes in the compo-
sition of lung surfactant. For example, Pseudomonas aeruginosa flagel-
lum caused the production of exoproteases to degrade SP-A [221],
making the surfactant and the alveoli susceptible to infection. Protease
IV secreted by Pseudomonas aeruginosa was proved to degrade SP-A,
SP-B and SP-D, changing the surface tension-reducing function of the
surfactant in addition to the reduction of host defense function [222].
The decrease in SP-B may also lead to the change in the permeability
of the surfactant [223], making the membrane more susceptible to PM
and the adsorbates. A mucoid strain of Pseudomonas aeruginosa de-
creased the content of DPPC by reducing the mRNA synthesis of
phosphocholine cytidylyltransferase (CTP) which is a key enzyme for
DPPC synthesis [224], resulting in reduced surfactant function.

5.2. Health effects behind interaction of pulmonary surfactant and PM

5.2.1. Inflammation
It is known that specific PM can deposit and translocate within pul-

monary surfactant. Many studies present that both PM and the adsor-
bates (e.g., microorganisms, metals) on PM can lead to inflammatory
response. When PM penetrates through the surfactant, alveolar
macrophages can trigger phagocytosis to clear PM, which releases in-
flammatory mediators such as leukocytes and neutrophils to induce in-
flammation. Furthermore, the disturbance on the film structures may
cause mechanical damage on the surfactant and epithelial cells, which
may lead to inflammation as well. The acute effect of PM on living ani-
mals and humans mostly shows lung inflammation at first [225]. As
the immune system’s response to harmful stimuli, inflammation acti-
vates cellular and molecular events to remove the stimuli and tries to
heal [226]. Inflammation is exhibited as the increase of free cells and
high proportion of neutrophils in lavage. Uncontrolled inflammatory re-
sponse may give rise to chronic diseases.

Crystalline quartz could induce surface inflammation, increase lung
permeability and cause the type II cells to release their plasma mem-
brane components, resulting in progressive damage, while the damage
triggered by amorphous ultrafine silica regressed [217]. In this study, ul-
trafine/fine carbon black did not cause change in lung permeability or
induce inflammation. Pan et al. [227] also proved recently that pure car-
bon black did not induce inflammation to human bronchial cells. Never-
theless, when carbon nanoparticles formed adducts with Pb2+ and
incubated with human lung cells, the expression of the long novel non-
coding RNAwhich is responsible for the regulation of inflammationwas
depressed. Pb2+ does not induce inflammation individually, just like Cr
(VI), but it is revealed that the co-existence of these two species in PM2.5

caused cytotoxicity in lung cells [228]. The traffic-related PM is also re-
ported to induce inflammation in both lymphocytes and lung cells
[229], where the induction effect is stronger for PM with higher PAHs
levels [230]. Additionally, the in vitro low dose exposure of rat lung to
silica particles for 24 h exhibited inflammatory response [231], while
the in vivo long-term, repeated and high-concentration diesel exhaust
exposures of rats showed chronic inflammation [219].

5.2.2. Oxidative Stress
Reactive oxygen species (ROS) are highly reactive and unstable. The

accumulation of ROS may lead to the oxidation of cellular components
when the level is beyond the elimination ability of antioxidants [232],
giving rise to oxidative stress. Oxidative stress may cause many chronic
diseases, such as cancer, diabetics, cardiovascular diseases, and other
degenerative diseases [233]. The exposure to PM would lead to oxida-
tive stress to lipids, proteins, and DNA. When PM readily interacts
with lung surfactant and penetrates through the membrane to intersti-
tium and epithelial cells, the surface of toxic particles (e.g., metallic par-
ticles as catalysts) and the adsorbates including transition metals
(copper, iron and manganese, etc.) and PAHs can generate free radicals
to cause oxidative stress. Additionally, the mechanical damage brought
about by PM within the cells could also trigger oxidative stress [234].

It is found that the presence of traffic-related PM led to an increase of
ROS generation and oxidative DNA damage in human lymphocytes, al-
veolar epithelial adenocarcinoma cells [229], and type II lung epithelial
A549 cells [235]. The extent of oxidative stress, cytotoxicity and epithe-
lial activation on pulmonary cells induced by diesel exhaust particles in-
creased with the content of PAHs [230]. Soltani et al. [236] investigated
the influence of TiO2 and Fe2O3 micro and nanoparticles on lung and
marrow tissues, figuring out that the particles increased the baseline
level of lipid oxidation and antioxidant enzyme activity. The toxicity
caused by TiO2 nanoparticles was more serious than that caused by
the microparticles and the Fe2O3 nanoparticles. The acute induction of
oxidative damage can also be observed with in vivo study. The Superox-
ide Dismutase (SOD) activity in rats was reduced after the exposure of
the rats to ambient PM, which indicates the oxidative stress caused by
the particles [237].

Besides lung cells, it is also reported that PM may aggravate oxida-
tive stress in kidney. The in vitro exposure of human kidney cells to
traffic-related particles indicated that the particles reduced the viability
of the cells, increased mitochondrial ROS and decreased mitochondrial
membrane potential, which led to kidney disease [238].

5.2.3. Other Adverse Health Effects of PM
In addition to inflammation and oxidative damage responses, PM is

also associated with many other toxicity and diseases. Silver nanoparti-
cles were discovered to induce autophagy and apoptosis in mouse em-
bryonic fibroblast cells [239] and cytotoxicity in human lung cells [240].
The in vivo study on mice lasting for one month proved that PM is the
initiator of pulmonary fibrosis since lung inflammation and incipient fi-
brosis symptoms were discovered after the exposure [241]. For suscep-
tible rats with hypertension, the heart rate and heart rate variability
were found linked to the industrial exhaust [242]. The short-term
in vivo studies of humans revealed that ambient PM2.5 was related to
low resting cerebrovascular flow velocity and high resting cerebrovas-
cular resistance, suggesting that the endothelial function in the cerebral
vasculature would be harmed by PM2.5 [243].

The pathological symbols, such as chronic inflammation, in-
creased mucus and phospholipids production, that are exhibited by
patients with chronic obstructive pulmonary diseases would be ag-
gravated with time and PM concentration. However, in the chronic
study on young and normal rats, the pathological symbols remained
stable after 12-18 months of exposure to PM of medium and high
concentrations. It implied that young and normal rats were resistant
to chronic diesel exhaust exposures [219]. Recent papers discussing
long-term in vivo studies presented some new physiological re-
sponses upon exposure to PM. Lepeule et al. [244] reported that the
traffic particles (mostly carbon black) caused an additional rate of
decline in forced vital capacity and forced expiratory volume,
which indicated a lower baseline lung function. The particles also
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accelerated the decline of lung function in the elderly. PM can affect
the function of other organs as well. Liang et al. [245] let the rats be
exposed to PM2.5 once every three days for one month. Then the
rats got vascular endothelial injury and inflammation, and mean-
while, fibrin thrombi and bleeding occurred on the lung tissue. All
of these responses suggest that PM2.5 would eventually lead to dis-
seminated intravascular coagulation. Long-term gasoline vehicle ex-
haust exposure is proved to induce erectile dysfunction in rats [246].

Transgenic mice were used to test with PM samples [247]. After
4 h exposure, it was found that the PM induced the increase of
CYP1A1 (a gene regulated by aryl hydrocarbon receptor), which in-
dicated a carcinogenic effect. Besides, PM led to an increase of
endothelin-1which exhibited as a dysfunction of epithelial, and an
increase of metallothionein-II resulting in reduced scavenging of
metal toxicity. The exposure to PM does not cause a widespread
change in gene expression. This is consistent with the results of the
study on silica particles [231]. PM2.5 was only reported to cause oxi-
dative damage to DNA in humans [237]. However, a recent study that
exposing zebra to carbon nanoparticles showed a disturbance on
DNA methylation of the genes in heart tissue, revealing the unregu-
lated gene expression caused by PM [248].

6. Summary and Perspectives

It is revealed that exposure to PM significantly impacts on pulmo-
nary surfactant and human health through altering the physiological,
biophysical and morphological properties of lung surfactant. Different
types of particles including synthetic and ambient PM, which are not
equally toxic to pulmonary surfactant and health, have been proved
by both experimental investigations and molecular dynamics simula-
tions. It has been found that the strength of particle-surfactant interac-
tion increases with the extent of hydrophobicity and surface charge
density, while each type of particles bears its own critical particle size
that shows the strongest impacts on surfactant. Particle shape and
chemical nature of PM also influence the phase behavior and morphol-
ogy of pulmonary surfactant.

Many different characterizations and methodologies have been
used to investigate PM-surfactant interaction. The interpretability
of interdisciplinary approaches greatly promotes a comprehensive
understanding of the effects of PM. Nevertheless, quantitative analy-
ses of, for example, the interaction forces between particles and lung
surfactant, and the surfactant domain change upon the contact with
particles, are seldom presented. Future studies of the associated
interfacial forces can be carried out with nanomechanical tools
such as atomic force microscopy and surface forces apparatus. The
effect of PM on the morphology is generally investigated via visual
characterization (e.g., AFM, BAM). Further investigation utilizing
fluorescence microscope can provide useful information on the mor-
phological changes upon PM deposition. Meanwhile, the continuous
monitoring of the change in various properties of lung surfactant
after the deposition of PM is mostly reported withmolecular dynam-
ics simulations. It would be more convincing with direct and
real-time experimental visualization before, during and after the de-
position of PM on pulmonary surfactant.

The different results obtained for naturally derived surfactant and
DPPC after PM deposition suggest that the functions of other lipids
and surface proteins cannot be ignored. Though DPPC is themajor com-
ponent of lung surfactant and responsible for maintaining the phase be-
havior and stability of alveoli during respiration, the results could be
more conclusive when naturally derived surfactant is considered. It is
reported that surfactant proteins, especially SP-B, affect the domain
change significantly by increasing the line tension and dipole density
difference, etc. [147] Future studies of the interactions between PM
and lung surfactant in the presence of surfactant proteins will provide
useful insights into a more complete understanding of the physiochem-
ical interaction mechanisms.
Synthetic particles are utilized to validate the interaction
mechanism because of their known chemical composition, which
furthermore provides a guideline for nanotechnology safety. How-
ever, the influence of actual ambient PM could not be fully repre-
sented by synthetic particles, since the existence of other
components in ambient PM interferes with the interaction. Studies
on natural PM would give rise to more practical and environmen-
tally relevant information. Meanwhile, the composition of PM
varies with time and location, but the research about how different
environmentally derived PM affects the phase behavior of lung sur-
factant is still lacking. In some literature, the concentrations of PM
used are much higher than the actual exposure dose. Though this
approach is convenient to obtain acute responses, the feasibility of
the inference on the actual health effect should be noted.

The studies of PM-surfactant interaction are all performed on pla-
nar interfaces with the utilization of LB-trough and other imaging in-
struments. However, the curvature effect of spheric alveoli has been
proved to impact the morphology and dynamics of the lung surfac-
tant. Sachan et al. [144] found that when the radius of Survanta
monolayer-covered bubbles decreased to 100 μm,which is compara-
ble to the size of alveoli, the LC domains changed dramatically from
dispersed circles to meshing stripes, separating the original continu-
ous LE matrix to a discontinuous phase. This change comes from the
anisotropic bending energy [141,146]. This interfacial curvature ef-
fect on the monolayer also leads to changes in surfactant adsorption
and the dilatational modulus [144]. The observation resulted from
alveoli-sized curvature implies that future investigations of PM-
surfactant interaction on curved interfaces could provide more prac-
tical information at alveolar dimensions. Instruments such as captive
bubble surfactometer, pulsating bubble surfactometer and
constrained drop surfactometer can be used to study on curved sur-
faces. Besides curvature effect, other factors such as temperature and
rate of film oscillation also limit the physiological relevance of the
in vitro studies on surfactant films. Constrained drop surfactometer
can be used to investigate the surfactant activity and inhibition
under physiologically relevant conditions [198,249]. The surfactant
films are constrained in a sessile drop, and the compression and ex-
pansion of the droplet are controlled at physiologically relevant
rates. This technique has great potential to study PM-surfactant in-
teractions at molecular level to provide insight into the physiochem-
ical effects of PM.

The in vitro studies on PM-surfactant interactions provide physical
evidence of how PM affects lung surfactant, implying the impairment
on physiological properties of lung surfactant. However, the direct
mechanisms of how PM induces pulmonary dysfunction physiologically
are still unclear since the in vivomeasurement of the changes in surfac-
tant functions upon PM deposition is challenging. Riva et al. [250] con-
ducted an in vivo experiment to investigate how lung mechanics
changes upon lowdose instillation of ambient PM. The elastic and visco-
elastic components of lung mechanics were increased, indicating the
impaired lung function. The authors attributed this mechanical alter-
ation to the inflammation and oxidative stress caused by the penetra-
tion of PM into the alveolar regions. Further experimental evidence is
needed to illustrate the correlation between physiological responses
and biophysical change.

Although the changes in the biophysical properties of modal or
replica lung surfactant under the effect of engineered NPs and
some environmental PM2.5 have been investigated, correlating
in vitro studies with the in vivo systems still remains a challenge.
Biological relevant surfactant models integrating natural surfac-
tant components and monolayer, bilayer and multilayer structures
are required to study the PM-surfactant interaction. A number of
studies on PM and naturally derived surfactant have been con-
ducted, as well as the investigations of PM on bilayer and multi-
layer structures. Future studies between PM and complex
surfactant structures using techniques that can mimic
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physiological conditions are still needed. Moreover, the use of en-
vironmental PM2.5 in addition to engineered nanoparticles is ben-
eficial to evaluating the actual effects of air pollutants. Though the
biophysical in vitro studies provide a good implication of PM-
induced health effects, the physiological studies directly related
to the biophysical changes are still lacking. It is noted that non-
equilibrium state may exist due to the relative humidity gradient
in the alveolar space, giving rise to disparity in the composition
and layered structures of lung surfactant at the interface. This
thermodynamic condition should be considered when studying
the structures of the multilayered films [251].

There is a big concern that even though the PM pollution is
within the range of Environmental Protection Agency annual air
quality standards, the long-term exposure still causes adverse
health effects [244,252]. This observation is an implication to gov-
ernmental actions that appropriate and strict regulations should
be complemented according to the discrepancies on different
types of PM and chronic effects.
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